This study aims to propose a model to forecast the volume of critical materials that can be recovered from lithium-ion batteries (LiB) through the recycling of end of life electric vehicles (EV). To achieve an environmentally sustainable society, the wide-scale adoption of EV seems to be necessary. Here, the dependency of the vehicle on its batteries has an essential role. The efficient recycling of LiB to minimize its raw material supply risk but also the economic impact of its production process is going to be essential. Initially, this study forecasted the vehicle fleet, sales, and end of life vehicles based on system dynamics modeling considering data of scrapping rates of vehicles by year of life. Then, the volumes of the critical materials supplied for LiB production and recovered from recycling were identified, considering variations in the size/type of batteries. Finally, current limitations to achieve closed-loop production in Japan were identified. The results indicate that the amount of scrapped electric vehicle batteries (EVB) will increase by 55 times from 2018 to 2050, and that 34% of lithium (Li), 50% of cobalt (Co), 28% of nickel (Ni), and 52% of manganese (Mn) required for the production of new LiB could be supplied by recovered EVB in 2035.
Introduction
Several environmental goals, such as sustainable development goals [1] and the Paris agreement [2] , have been globally settled in the last decade to achieve a more sustainable society. In this sense, the advancement of electrification of vehicles seems to be inevitable, considering that, currently, the transportation area accounts for 25% of the total energy consumption [3] and carbon dioxide (CO 2 ) emissions [4, 5] of the word. Japan has the third-highest representative vehicle market when worldwide production and the sales volume of vehicles are considered [6, 7] , but it is also one of the countries that is leading the development of new electrical technologies in the transportation area, including the development of hybrid electric vehicles and fuel cell vehicles.
Internal combustion engine vehicles depend on fossil fuels; however, electric vehicles, including hybrid electric vehicles (HV), plug-in hybrid electric vehicles (PHEV), battery electric vehicles (BEV), and fuel cell vehicles (FCV) depend partially or totally on electricity. Currently, electric vehicles (EVs) account for 32.9% of vehicle sales in Japan [8] , and a rapid increase in their share is expected in the upcoming years. Here, the size and weight of electric vehicle batteries (EVB) vary depending on the electrification level, the driving range of the vehicle, and its technology. Most of those vehicles use lithium-ion batteries (LiB) to store the energy needed for traction due to their higher energy density 2. Methodology 2.1. Analysis of Vehicle Sales, Fleet Size, and Scrapping Figure 1 shows the concept of our forecasting model, where the entire vehicle market is analyzed, dividing the vehicle market into three parts: sales, fleet/aging, and scrapping. Different powertrains (ICEV, HV, PHEV, BEV) sold depending on the type of vehicle (mini passenger cars, mini trucks, standard passenger cars, small passenger cars, standard trucks, small trucks and large buses, and small buses) are considered. The total number of vehicles in a region (fleet size) is updated annually, considering the number of vehicles sold and scrapped in a year, as indicated in Equation (1). Here, the term "vehicle scrapping" includes end of life vehicles (ELV) that are dismantled but also the ones that spent their second lives in foreign countries. The above flow was separately analyzed considering the type and power train of the vehicles using Equations (2)-(5): The number of vehicles (fleet size) was forecast considering previous studies by Dargay et al. [28, 29] , who proposed the use of an s-shaped function to represent the relation between the vehicle ownership per capita and the GDP growth of a country, as indicated in Equation (6) . Results of the model proposed by the above author allow comparisons over time but also amongst countries through the analysis of a single econometric specification. Moreover, the number of vehicles reaching their end of life during a year depends on the number of vehicles available in the market and the probability of them being scrapped depending on the type, power train, and year of life, as indicated in Equation (7):
Psc i,p,l,t+1 : Probability of a vehicle of type i, powertrain p, and year of life l being scrapped during year t+1.
Finally, the total sales of vehicles per year can be divided by type and powertrain, considering future share predictions using Equation (8):
Ss i,t+1 : Share of vehicles sold of type i during year t+1; Ss p∈i,t+1 : Sale share of vehicles with powertrain p in the market of vehicle type i during year t+1.
Analysis of the Possible Critical Material Supply from LiB Recovered from End of Life EVs
Firstly, it is worth clarifying that two types of EVB are available: nickel-metal-hybrid batteries (NiMH) and LiB. However, analyses of recovered and supplied critical materials have focused only on the second one, considering that NiMH are still used in some HV but LiB are more attractive for PHEV and BEV due to their much higher energy density, longer cycle life, lightweight, and ability to provide deep discharges [12] . Supplied and recovered amounts of critical metals (Ni, Co, Mn, Li) used in the production of LiB with the ability to be recovered from scrapped vehicles are forecasted.
The amount of LiB supplied to the automotive industry is calculated through Equation (9):
SLib t : Amount of supplied LiB during year t [kwh]; LiBV i,p,t : Size of LiB of a vehicle of type i and power train p in year t [kwh/unit]; VLiB i,p,t : Rate of vehicles of type i and power train p in the year t that use LiB for traction.
Moreover, the material supplied for the production of the LiB depends on the technology of the battery, as indicated in Equation (10): The size of the LiB recovered from scrapped varies depending on the type, power train, and year of life of the vehicle, as indicated in Equation (11): The material recovered from the scrapped LiB depends on the material composition of its cells, which varies through the evolution of its technologies, as indicated in Equation (12): Figure 2 shows the analysis flow of this approach. To assess the effect of the LiB recovery through the methodology proposed above, the main characteristics of the Japanese vehicle market and manufacturing were analyzed and listed below in order for use as input data for our model. It is worth mentioning that some of the input data are based on the Japanese fiscal year (April to March).
Analysis of the Japanese Vehicle Market
(a) Vehicle fleet size: Figure 3a shows the forecast of the Japanese Gross Domestic Product (GDP) presented by the Organisation for Economic Co-operation and Development [30] , which was used in Equation (6) to calculate the growth of vehicle ownership shown in Figure 3b . Figure 3c indicates the population growth forecast of the country estimated by the world bank [31]. Finally, Figure 3d ) shows an estimation of the size of the future Japanese vehicle fleet. Moreover, the initial (2017) composition of the Japanese vehicle fleet by type and powertrain was estimated based on reports from the Next Generation Vehicle Promotion Center [32] and Automobile Inspection and Registration Information Association [33] . (b) Sale share of vehicles: Figure 4 shows the share of future vehicle sales in Japan by type and power train estimated considering data from the Ministry of the Environment [34] , the Japan Automotive Manufacturers Association [35] , and the Next Generation Vehicle Promotion Center [36] . Moreover, it is worth mentioning that the share from 2009 to 2017 represents historical records of the market [35] [36] [37] . (c) Probability of vehicles being scrapped: Vehicle scrapping rates were calculated as the percentage of vehicles that are scrapped annually per year of life based on reports from the Automobile Inspection and Registration Information Association [33] . Here, average data of standard/small passenger cars and trucks were utilized, and the scrapping rate from 2018 to 2050 was estimated by linear least-squares regression. Figure 5 shows the historical and forecasted data of the vehicle scrapping rate considered in this model. It is worth clarifying that the scrapping rate of passenger cars varies sharply every two years due to the impact of the automobile inspection requirement of the Japanese government. On the other hand, this effect is not observed for trucks and buses considering that, for those types of vehicles, the above requirement must be annually fulfilled. Additionally, the scrap rate is flatter due to the longer life expectancy of them.
(d) Size of LiB: The size of the LiB varies widely depending on the type, power train, and specifications of the vehicle. In this study, the capacities of the batteries of mini passenger cars and mini trucks, and standard/small passenger cars were considered to be 2 kWh for HV, 9 kWh for PHEV, and 28 kWh for BEV [38] . Moreover, batteries for standard/small trucks and large/small buses were considered to be 3.9 kWh for HV [39] and 304 kWh for BEV [40] .
(e) Battery technologies: The material compositions of the batteries were modified considering the core LiB technology used in electric vehicles. Here, a time frame from 2010 to 2035 was settled including underdeveloped battery technologies. Figure 6 shows the evolutive scenario adopted in this study. Firstly, LiB technologies representative of those used in previous years were estimated based on the Nissan motor corporation [41] and the New Energy and Industrial Technology Development Organization [42] . Then, possible new technologies of batteries for the following years were forecasted considering reports from the International Energy Agency [18] , Argus Media Ltd. [43] , and Lebedeva et al. [44] . Moreover, Table 1 shows the material compositions of those technologies where the next generation LiB are expected to have low cobalt content and high energy density.
(f) Cost of the materials and batteries: Table 2 shows the prices of the materials used for the production of the cathodes. Here, the data from the report of the International Energy Agency [18] were considered. 
Results and Discussion
The proposed forecasting model was simulated through System dynamics and the software Vensim PLP x32 [48] . System dynamics is a computer modeling method that considers different variables in order to numerically simulate nonlinear behavior over time and it applies to problems arising in complex social, ecological or economic systems. Stocks, flows, and converters are used allowing the researcher clarifies the relation between the different variables considered in the model and predicts the change of state of elements and flows along a time scale. Figure 7a shows the forecast for vehicle sales by power train in the market. Here, it can be observed that the total sales of vehicles will decrease moderately in the following years due to changes in the Japanese vehicle fleet size. However, sales of electric vehicles will increase considerably and are expected to reach a peak in 2040 with 4.17 million units sold per year. This value represents 2.2 times the EV sales of 2018 considering that drastic changes in the HV demand are not expected. However, if sales of BEV are analyzed separately, it can be observed that the related sales will reach 1.94 million units in the same period, an increase of 11.6 times from the sales of 2018. Figure 7b shows the forecast of the Japanese vehicle market size. Here, it is possible to observe that even though increases in the GDP per capita and vehicle ownership are expected, the Japanese vehicle fleet could reach a peak in 2029 with 84.1 million units of vehicles in the market due to the possible decrease of the population. Moreover, compared to sales, where the domination of electric vehicles in the following years can be observed, the vehicle fleet itself will still be dominated by ICEV until 2032. Figure 7c shows the forecast for the number of vehicles scrapped in the market. Here, it can be observed that the number of ELV will vary slightly in the following years. Moreover, ICEV will dominate the ELV market until 2038, reaching 2.58 million units scrapped per year compared to the 2.45 million units of EV. Moreover, even though a substantial quantity of HV will reach their end of life in the coming years, the amount of BEV and PHEV expected to be collected until 2025 is likely to be minimal, being less than 2% of the total ELV generated in a year.
Forecast of Vehicle Fleet Size, Sales, and Scrapping
Finally, it is worth mentioning that the grey parts on the left side of each figure indicate historical records of vehicle sales [35] [36] [37] , fleet [49] , and scrapping [50] , which are compatible with the values forecasted in this model. Figure 8a shows the forecast of the EVB supply simulated by this model. Here, it can be noted that even though, in term of vehicles sales, HV play an essential role, the demand of EVB for BEV is going to dominate the market considering their higher energy capacity. EVB demand is going to increase rapidly in the following years; however, it is expected to reach maturity near 2030, with its growth rate considerably decreasing after that. It is expected that the supply of EVB will reach 78 GWh per year in 2050, increasing 8.4 times from 2018 but 1.37 times from 2030. Moreover, electric buses and trucks will importantly affect the demand for future EVB. Figure 8b shows the forecast for the number of EVB that can be recovered from the ELV. The quantity of EVB for recycling and reuse is expected to be dominated by batteries from HV in the first years, but after this period, batteries recovered from BEV will represent the majority of the returning volume, drastically increasing the size of the entire market from that time onward. The recovered number of recovered EBV will reach 61 GWh in 2050, representing an increment of 55 times compared to 2018. Figure 9 shows the forecast of the relationship in terms of energy capacity between the total EVB supplied for new vehicles and that expected to be recovered from ELV. It can be noted that, in 2025, the recoverability will be still less than 10% of the supply, but also, rapid growth of those values can be expected in the following years, reaching 31% in 2035. Moreover, a complete closed loop can be expected in 2050 if only the energy capacity of batteries is considered.
Forecast of EVB Supply and Recovery

Forecast of the Critical Material Supply and Recovery for LiB
This section includes the analysis of different LiB technologies from 2010 to 2035 considering the composition of their critical materials. Figure 10a1 ,a2 show the forecasts of supplied and recovered LiB in terms of energy capacity by technologies. It can be observed that the LiB supplied until 2035 is going to be recovered gradually, and the mode of the returning flow is going to be nearly 2044. The grey section of the chart illustratively indicates the possible supplied and recovered volumes of unknowable battery technology. Figure 10b1 ,b2 show the weight of each critical material supplied for LiB production and recovered from the market. Here, it is possible to observe that the demand for Ni is going to increase concisely in the following years, as it is the most representative critical material required for LiB production.
However, even though the production of LiB is predicted to increase, the demand for Mn, Co, and Li is not predicted to change. Similarly, the most representative critical material, in terms of recovered mass, is also Ni, and 15.7 tons are expected to be returned from ELV in 2035. Moreover, the supplied and recovered weights of Mn, Co, and Li seem to be similar. This can be explained by the expected increment in the Ni concentration in LiB, which increases the energy content of the batteries in exchange for stability [12] . Figure 11 indicates that 34% of the lithium, 50% of the cobalt, 28% of the nickel, and 52% of manganese required for the production of new LiB could be supplied by batteries derived from end of life vehicles in 2035. Compared to Figure 9 , where the possible closed loop is analyzed in terms of energy capacity, and the recovered batteries represent 31% of the volume supplied, here, the assessment of the recovery material also considers the material weights. It can be observed that, when changes in the battery technologies are taken into consideration, the results are different, highlighting the importance of analyzing the potential of a closed loop, including its material composition. Figure 10c1 ,c2 show the value of each critical material supplied for production and recovery from LiB. Compared to the analysis based on material weights, here, it is possible to observe that the values of Co and Li supplied and recovered are as important as those of Ni. However, it is seen that the value of the Mn is considerably lower. The total value of critical material required in Japan for the vehicle production of LiB is predicted to reach 936 million US dollars in 2035, where 325 million dollars of materials from ELV could be recovered. The secondary axis of Figure 11 shows the above relation, where 35% of the value of critical materials could be supplied locally by scrapped LiB in Japan, considerably reducing the dependency of those materials from foreign countries.
Economic Analysis of the Recovered Materials
Main Assumptions and Limitations
In order to recover the forecasted quantity of critical materials from scrapped LiB, the following obstacles must be overcome.
Firstly, battery recycling facilities in Japan are pyrometallurgical [51, 52] , recovering the Co and Ni as molten metal alloys and the Li and Mn as slag [53] . A shift to hydrometallurgical technologies must be carried out in order to obtain high-grade materials that can be used in the production of new batteries. The recycling efficiencies of the analyzed materials in those facilities are close to 100% [54] .
Secondly, the exportation of used vehicles in Japan represents approximately 28% of the total ELV [50] . Here, the demand for used HV is notorious, where, in 2017, approximately 84% of them were sent overseas to spend their second lives [55] . In the case of BEV, this value exceeded 96% [55] , having an important effect on the current LiB collection volumes. The exportation of end of life EV is centered in underdeveloped Asian countries; however, in the middle and long term, a natural decrease in those values can be expected jointly with the saturation of electric vehicles in the market.
Thirdly, the results of recovered LiB proposed in this approach could be used for recycling as well as reusing purposes. However, the reuse of LiB could delay the return time of the spent batteries. In this sense, future studies could be carried out to elevate the accuracy of forecasting by assuming alternative scenarios.
Fourth, this study proposed a model to forecast the Japanese vehicle market based on open data. Different approximations in the inventory analysis for the Japanese vehicle market were used in order to conduct the simulation. Moreover, external analysis methods, such as the forecasting of the Japanese population, GDP, and vehicle sales share were considered. Changes in those values could guide us to different results; however, the proposed forecasting model and main conclusions would not change.
Finally, the price of the critical metals varies constantly and unpredictably depending on changes in the global market. This study considered constant prices for the calculation of the values of the supplied and recovered critical materials. In this sense, the analysis methodology proposed in this approach can be easily adjusted to updated values.
Implications and Utilization in the Practice
The results presented in this study give a whole picture of the ELV market but also give perspectives of the scrapped EVB that can possibly be recovered from them. The proposed forecasting model can be applied by automakers and related companies for the proposal and verification of the economic feasibility of different battery reuse and recycling business strategies, clarifying the quantity and variety of "resources" available for its production process in the short, middle, and long term.
Even though the supplied of critical materials for LiB production will considerably increase due to the diffusion of EV in the immediate years, the quantity of returning batteries of BEV and PHEV is predicted to be minimal until 2025. In this sense, new business and development of LiB reuse and recycling technologies should be centered, in the short term, on HV batteries, considering the total returning volume of them.
Dismantlers and material recycling companies will be able to define optimal plans for the adaptation of their facilities, knowing the time and quantity of EV and LiB returning from the market. Moreover, the development of new recycling technologies should be centered on the recovery of Ni if the total available mass of material is prioritized but focused on Ni, Co, and Li when the material value is put in front. On the other hand, an efficient reverse logistics network for spent batteries could be planned considering the forecasting values of this research.
This study also demonstrated that more than 50% ELV will be ICEV until 2038. In this sense, the development of new technologies and new reuse and recycling projects should not play second fiddle considering its room for improvement [56, 57] .
Due to the lifetime of EV, the recovered LiB will not be a significant source of material for the production of new ones in the short term; however, when a longer time horizon is considered, and the principal limitation clarified in this study overcome, the recovered batteries will play an essential role in the automotive industry and a feasible total closed-loop for EVB.
Finally, it is worth mentioning that the proposed model can easily be adapted to other countries as well as for different products such as electrical household appliances that need to be recycled after their use, as was proposed by the approach of Baldé et al. [58] .
Even though a few entities and consultants have forecasted the supply or recovery volume of critical material for EVB [43, 59, 60] , details of the models implemented for the analysis are neither open nor available for utilization. In the same way, the accuracy and premises considered in the forecasting are unknown. In this sense, the proposed model can be adopted and modified depending on the necessity, allowing possible changes in premises to be reflected.
Conclusions
This study proposed a model to forecast the number of LiB and critical materials that can be recovered from the recycling of ELV. System dynamic concepts and open data were used to simulate the Japanese vehicle market. Compared with previous studies, this approach forecasts the number of end of life vehicles based on the scrapping rate by year of life, which was calculated considering past data of the Japanese vehicle market. The main conclusions of this approach, where vehicle fleet and sales were additionally analyzed, are listed below.
More than 50% of the ELV will be ICEV until 2038. In this sense, the development of new technologies and new reuse and recycling projects should not play second fiddle.
The amount of scrapped EVB will increase by 55 times from 2018, reaching 61 GWh recovered per year in 2050. Moreover, the recovered EVB are expected to be predominated by batteries from HV in the first five years, clarifying the need to center reuse and recycling projects in them in the short term.
Closed-loop EVB production can be expected in 2050 if only the energy capacity of batteries is considered. However, changes in battery technologies play an essential role, and the volume of critical material supplied for production that is possible to recover from ELV varies widely depending on the material composition of the LiB. The results indicate that 34% of the lithium, 50% of the cobalt, 28% of the nickel, and 52% of manganese required for the production of new LiB could be supplied by batteries derived from end of life vehicles in 2035.
The development of new recycling technologies should be centered in the recovery of Ni if the total available mass of material is prioritized but should be focused on Ni, Co, and Li when the material value is put in front.
The total value of critical material required in Japan for EV LiB production is predicted to reach 936 million US dollars in 2035, where 325 million dollars could be recovered by the recovery of materials from ELVs, considerably reducing the dependency of those materials from foreign countries Considering that the quantity of returning BEV and PHEV batteries is predicted to be minimal until 2025, the new business and development of LiB reuse and recycling technologies should be centered, in the short term, on HV batteries.
The exportation of used EV has a substantial impact on the current LiB processing/recycling market. Moreover, local LiB recycling facilities should shift to hydrometallurgical process in order to achieve a closed loop of batteries.
Finally, the forecasting model proposed in this study could be adjusted to different situations and market premises considering that open data are used for the calculation, and the methodology used has been explained in detail.
